We describe a method for maximizing the rate of conversion of BaciUlus thuringiensis subsp. kurstaki vegetative cells to osmotically fragile forms in the absence of exogenously added enzymes. Optimal generation of autoplasts occurred in 50 mM sodium acetate buffer (pH 7.0) at 37°C with 10% (wt/vol) polyethylene glycol as an osmotic stabilizer. The maximum autolytic rate resulted in a conversion of greater than 90% of bacilli to spherical autoplasts in 6 min. Autoplasts regained bacillary morphology upon plating on DM3-G regeneration
We describe a method for maximizing the rate of conversion of BaciUlus thuringiensis subsp. kurstaki vegetative cells to osmotically fragile forms in the absence of exogenously added enzymes. Optimal generation of autoplasts occurred in 50 mM sodium acetate buffer (pH 7.0) at 37°C with 10% (wt/vol) polyethylene glycol as an osmotic stabilizer. The maximum autolytic rate resulted in a conversion of greater than 90% of bacilli to spherical autoplasts in 6 min. Autoplasts regained bacillary morphology upon plating on DM3-G regeneration medium, with reversion frequencies ranging from 1.2 x 10'1 to 5.3 x 10-3. The autoplasts could efficiently take up exogenously added plasmid DNA. The presence of plasmids was verified by Southern hybridization analysis.
Bacillus thuringiensis is a commercially important source of insecticidal protein toxins (4) . The organism produces parasporal crystals, which are comprised of two polypeptides, P1 and P2, having endotoxic activity against lepidopteran and dipteran larvae (7, 21) . In recent years much research has been devoted to the isolation of the specific toxin-encoding genes and determination of their nucleotide sequences (14, 19, 20) . However, with the advent of gene fusion and site-specific mutagenesis techniques, it has become important to transport genetically constructed molecules into B. thuringiensis. The methodologies for genetic exchange in this organism to date have been limited to conjugation (4) , generalized transduction (1, 2, 18) , and protoplast-mediated transformation (1, 8, 11) . The latter technique is the most promising for introducing engineered DNA into B. thuringiensis, but the published techniques have been both cumbersome and inefficient (8, 12, 13) . Recently, polyethylene glycol-mediated "natural" transformation was reported by Heierson and co-workers (10) . Although somewhat complex, this technique resulted in a reasonable efficiency of transformation.
In this paper we describe the development and characterization of a rapid, facile technique for generating a high yield of autoplasts from B. thuringiensis subsp. kurstaki. Physical parameters for optimizing the autolytic rate in this organism have been determined. The osmotically stabilized, spherical autoplasts were capable of regenerating their cell walls and regaining typical bacillary morphology. Autoplasts were also amenable recipients for exogenous plasmid DNA. Growth conditions. Cells of B. thuringiensis were grown in freshly prepared RHAF medium (21 mM MgCl2. 6H20, 0.5% yeast extract, 0.5% tryptone, 53.5 mM NH4Cl, 0.10 M Tris base, 0.50 mM KCl, 1.0 mM NaCl, 1.0 mM Na2SO4, 1.0 mM KH2PO4, 0.2% glucose, 0.20 M sucrose), which had been adjusted to pH 7.0. Cells were started from frozen inocula, which had been prepared as follows. A single colony was picked from an SGPB (1 x Spizizen minimal salts [16] , 0.1% peptone, 0.1% beef extract, 0.1% glucose, 0.20 mM MgCl2 * 6H20) agar plate and grown in RHAF medium to the midexponential phase of growth. The culture was chilled at 4°C and centrifuged at 13,800 x g for 5 min. The pellet was suspended in half the volume of the original culture in RHAF, and sterile glycerol was added to bring the concentration to 30% (vol/vol). Fractions of 1.0 ml of this suspension were frozen and stored at -70°C. Cell suspensions were thawed immediately before inoculation for growth; a 10-pd sample was added to 10 ml of prewarmed RHAF and then diluted 10-3-to 10-6-fold with additional medium to provide a range of inoculum densities. The cell cultures were grown at room temperature with shaking overnight. The culture, which was in the midexponential phase of growth, was used to inoculate fresh medium to a starting optical density (OD) of approximately 0.025. The cells were then grown at 37°C on a shaking platform to an OD at 675 nm of 0.300 or 0.350, as measured on a Spectronic 20 spectrophotometer (Bausch & Lomb, Inc., Rochester, N.Y.).
MATERIALS AND METHODS
Preparation of autoplasts. Cell cultures (300 ml) were quickly harvested by centrifugation (13, 800 x g for 6 min). The pellet was washed with 100.0 ml of cold distilleddeionized water and then centrifuged as above. The cells were suspended in 50 mM sodium acetate (pH 7.0) containing 10% polyethylene glycol 6000 (PEG) to a final volume of 6.0 ml. Cells were rigorously maintained at 4°C from the time of harvesting to the suspension step, to prevent premature autolysis. The cell suspensions were shifted to 37°C to initiate autolytic activity.
Attainment of osmotic fragility during incubation at 37°C was monitored by measuring residual turbidity in a Spectronic 20, after diluting 0.25 ml of the cell suspension into 3.0 ml of 10 mM sodium phosphate (pH 7.0) and vortexing for 5 to 10 s. Suspensions were routinely examined for formation of osmotically fragile forms by using a Zeiss phase-contrast microscope.
Reversion of autoplasts. Samples (100 ,ul) of the autoplast suspension were plated onto modified DM3 (5) reversion plates. The modified medium is designated as DM3-G and contains 0.5% glycerol but no sodium succinate. The autoplast samples were diluted (usually 10-5 to 10-6) in 50 mM sodium acetate buffer (pH 7.0, containing 10% PEG) before plating. The acetate buffer allows for the growth of both autoplasts and bacillary forms. However, since conversion of vegetative cells to autoplasts is >90%, the number of residual bacillary forms in a 10-6 dilution does not bear significantly upon reversion frequency.
To calculate reversion frequency, cells that had been grown in freshly prepared RHAF medium before autoplasting were also diluted in sodium acetate buffer and plated onto the DM3-G plates. The regeneration frequency can then be expressed as (CFU of autoplasts and residual bacilli per milliliter)/[(initial CFU/milliliter) x 50)] (correction for cell concentration step).
Transformation of autoplasts. Vegetative B. thuringiensis cells were converted to autoplasts as described above. Samples (1 ml) of the autoplast suspensions were transformed with 10 ,ug of pGR71 or pTV53ts plasmid DNA by using a modification of the method of Chang and Cohen (5) . After the addition of 2.6 ml of 40% PEG, the mixture was gently rotated for 2 min and diluted with 10 ml of RHAF medium containing 10% PEG. The autoplasts were recovered by centrifugation (2,400 x g, 10 min), suspended in 1 ml of RHAF (with 10% PEG), and incubated for 120 min in a 30°C water bath with gentle rotation (100 rpm). Samples of the autoplast transformation mixture (100 ,ul) were then plated on DM3-G medium containing kanamycin (15 jig/ml, selecting for pGR71) or tetracycline and erythromycin (10 and 0.1 ,ug/ml, respectively, selecting for pTV53ts). After 48 h, transformants were picked onto elevated levels of appropriate antibiotics and then screened for the presence of the plasmids by agarose gel electrophoresis and Southern hybridization (15 (Fig. 1) . After this time, less than 10% of the turbidity of the initial cell suspension remained after dilution of the suspension into 10 mM sodium phosphate (pH 7.0). When the cells were diluted into 10 mM sodium phosphate (pH 7.0) containing 10% PEG, there was no decrease in turbidity when compared to the initial control. Therefore, B. thuringiensis cells under appropriate conditions are rapidly converted to autoplasts, which are osmotically stable in the presence of an impermeable solute, but lyse rapidly under hypotonic conditions.
The cell suspensions undergoing conversion to autoplasts were examined for morphological alterations by phasecontrast microscopy. Figure 2 shows the conversion of typical bacillary forms, which were often seen in short chains, to spherical forms. It is not obvious whether the autoplasts are true protoplasts or whether they retain residual cell wall fragments.
Optimization of autolytic rate. To determine the optimal conditions for generating autoplasts, the cells were treated as above, except that several physical characteristics, in- cluding pH, temperature, and osmolarity, were individually varied. Autolytic rates were determined from linear regression analyses of at least five points from the initial decrease in turbidity, when cells were challenged with hypotonic sodium phosphate buffer as described above (Fig. 1 ). Rates were normalized by comparison with those obtained at 37°C, pH 7.0, and 50 mM sodium acetate.
Optimal autolytic activity was obtained at pH 7.0 (Fig. 3 ). This was also true when acetate was replaced by 50 mM sodium phosphate or sodium succinate. Therefore, the nature of the buffer does not seem to be as significant as the pH for stimulating autolytic activity. On the other hand, buffers which covered a more alkaline range of pH, such as N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid or Tris hydrochloride, frequently induced clumping of cells and inhibited autoplast formation (data not shown). Consequently, the use of these buffers was not investigated further.
The temperature optimum for autoplast formation was at 40°C, with a slight comparative decrease in rates at 37 and 45°C (Fig. 4) . Since plasmid maintenance in this organism is sensitive to elevated temperatures, we decided to use 37°C as the optimal temperature for autoplast generation. It must be noted that at room temperature, 23°C, the autolytic activity still occurred at approximately one-third the optimal rate. Therefore, to prevent premature dissolution of the cell wall and lysis of unstabilized autoplasts, the cell cultures were rigorously maintained at 4°C until needed.
Variations in buffer concentrations suggest that the autolytic system of B. thuringiensis is sensitive to high salt concentrations (Table 1) . Autolytic rates remained relatively high over a broad range of buffer concentrations (10 to 500 mM). In the presence of 0.75 M sodium acetate the autolytic rate was less than half that observed under the standard conditions. Surprisingly, muralytic activity was also reduced in cells suspended in distilled-deionized water adjusted to pH 7.0.
Reversion of autoplasts. The DM3-G medium best supported the reversion of the B. thuringiensis autoplasts. In a series of four experiments, autoplasts were shown to revert to bacillary morphology with an average frequency of 3.7 x 10-2 (Table 2) . Regenerant colonies were visible after 36 h of growth at 37°C or 48 h of growth at 23°C. The colonies exhibited parental, vegetative cell morphology.
Transformation of autoplasts. The B. thuringiensis autoplasts could be transformed with the two plasmid species tested. Transformation with pGR71 resulted in the appearance of 1.4 x 103 transformant CFU per ml, when selected on 15 ,ug of kanamycin per ml ( Table 2 ). The average transformation frequency for this series of experiments was 8.4 x 10-6 transformants per viable cell. Transformation with plasmid pTV53ts yielded 5.0 x 103 transformant CFU per ml when selected on a combination of tetracycline (7.5 ,ug/ml) and erythromycin (0.1 ,ug/ml); transformation occurred at an average frequency of 8.6 x 10' per viable cell.
All transformants were tested further by transferring to higher concentrations of the antibiotics (25 ,ug of kanamycin per ml; 10 ,ug of tetracycline per ml).
Further evidence that the transformants contained the transforming plasmid DNA is presented in Fig. 5 . The 32P-labeled pGR71 probe hybridized to YB886(pGR71) ( Effect of pH on autolytic activity of B. thuringiensis. A 300-ml volume of midexponential-phase cells was concentrated, after centrifugation, in 50 mM sodium actetate buffer at the indicated pH containing 10% PEG to a final volume of 6.0 ml. Autolysis was initiated upon incubation at 37°C, and the autolytic rates were determined as OD units per minute (see Materials and Methods). Relative rates were generated by standardizing to the optimal rate at pH 7.0 (-0.128 OD units per min).
(lanes 4 and 7). As expected, the probe did not hybridize to any DNA in the parental YB886 (Fig. 5A, lane 2) and HD-1 (lane 6) strains.
Similar hybridization data were obtained when the labeled pTV53ts were used as a probe (Fig. SB) . The probe hybridized to minilysates of py332(pTV53) (Fig. SB, lane 2) , py313(pTV1) (lane 3), py313(pTV53ts) (lane 4), and HDl(pTV53ts) (lane 7) and to the plasmid DNA isolated from py313(pTV53ts) and HD-l(pTV53ts) (lanes 5 and 6, respectively), but not to the parental cell minilysate controls (lanes 1 and 8). Hybridization to both of the parental plasmids (pTV1 and pTV53) by the pTV53ts probe was expected, since pTV53ts was recovered after a recombination event and carries genotypic traits of both parents. Restriction analysis of plasmids extracted from both B. subtilis and transformed B. thuringiensis showed identical fragment patterns, further supporting the idea that we have successfully introduced plasmid DNA into B. thuringiensis (data not shown).
DISCUSSION
In this manuscript we have described a rapid, facile method for producing apparently cell wall-free, osmotically fragile, spherical autoplasts of B. thuringiensis subsp. kurstaki HD-1 which are amenable to transformation with plasmid DNA. Other recent studies have suggested the use of the endogenous autolytic system of these cells to obtain protoplasts, but the conditions which optimize the activity of the enzyme were not elucidated (17) . Furthermore, Heierson and co-workers described a system to transform vegetative cells of B. thuringiensis by using PEG (10) . In our system, FIG. 4 . Effect of temperature on autolytic activity of B. thuringiensis. A 300-ml volume of midexponential-phase cells were concentrated as described in the legend to Fig. 1 . Autolysis was initiated at the indicated temperatures, and autolytic rates were determined as described in the legend to Fig. 3 . Relative rates were generated by standardizing to the rate at 37°C (-0.140 OD units per min). cells in PEG concentrations greater than 10% maintained the bacillary shape, even as they developed osmotic sensitivity. It is possible that these workers were also transforming cells which were osmotically labile but had not progressed to the round protoplast stage.
Our studies were initiated after a serendipitous observation, by phase-contrast microscopy, which revealed that autoplasts of B. thuringiensis could form in the absence of added lysozyme. Aronson et al. had reported the presence of autoplasts earlier (1) . Initial experiments were done in the presence of sucrose (0.5 M) as an osmotic stabilizer. However, this concentration, and to a greater extent higher concentrations of sucrose, prevented the complete removal of the cell wall; more than 95% of the population became osmotically fragile even though many cells retained their typical bacillary shape (see above). We therefore altered our procedure by using 10% PEG as the osmotic stabilizer, which allows for the removal of the cell wall with nearly all a A 300-ml volume of mid exponential phase cells was concentrated as described in the legend to Fig. 1 . Autolysis was initiated upon incubation at 37°C, and the autolytic rates were determined as described in the legend to of the cells assuming a spherical shape. Concentrations of PEG less than 10% did not provide adequate osmotic protection of autoplasts, whereas at concentrations of 15% or higher PEG prevented cells from becoming spherical and induced clumping. At the high concentrations cell fusion may have been induced. NH4Cl or NaCl at 0.5 M inhibited the autolytic rate by about 50% and, consequently, were abandoned as potential osmotic stabilizers.
A number of criteria are involved in achieving optimal conditions for conversion of B. thuringiensis to autoplasts. Autolytic activity was seen only in cultures which were harvested in the midexponential phase of growth or earlier. This is consistent with regulation of autolytic activity in Escherichia coli but not other Bacillus species (6) .
Autolytic activity remains relatively high over a broad range of temperature, pH, and ionic strength. Cells did not autolyze well in the total absence of ions (distilled-deionized H20), suggesting that trace elements may be needed as cofactors for optimal enzymatic activity. The autolytic system was likewise sensitive to higher ionic strengths (Table 1) and also when 0.5 M NH4CI or 0.5 M NaCl was used as the osmotic stabilizer.
If this method is to be effective for introducing DNA into B. thuringiensis, then it is imperative that the autoplasts must be capable of regeneration. It has been previously reported that the use of muralytic enzymes in generating protoplasts from B. subtilis results in the inhibition of peptidoglycan synthesis and subsequent regeneration (9) . This problem has been circumvented by inducing endogenous autolytic activity.
A variety of media was examined for the capacity to sustain regeneration of autoplasts: DM3 (5), DM3 plus 0.5 M sodium succinate, DM3 in the absence of sodium succinate, tryptose blood agar base (BBL Microbiology Systems, Cockeysville, Md.), SGPB agar, and DM3-G. Autoplasts plated on DM3-G medium consistently showed the highest frequency of reversion (1.2 x 10-1). When succinate was incorporated in the regeneration medium, reversion of autoplasts was reduced. However, the removal of succinate necessitated the addition of 0.5% glycerol for optimal reversion. We feel that the regeneration frequencies reported in this manuscript are sufficient to recover transformed protoplasts.
It was not the intent of this study to characterize the autolytic system of B. thuringiensis, but rather to utilize it as a means to rapidly produce cells amenable for high-efficiency transformation. However, further work would prove to be interesting from the viewpoints of regulation, localization, and complexity of this enzyme system(s).
Transformation has been accomplished with two different plasmid DNAs as donor species. Plasmid pGR71 has a pUB110 replicon, whereas pTV53ts is derived from pC194. Thus, both types of DNA can be stably maintained in B. thuringiensis. Restriction analysis showed that this DNA is not altered as to restriction fragment identity and size. Moreover, Southern hybridization analysis demonstrated that plasmids of a size compatible with the introduced DNA species can be identified in the transformants. In sum, we feel that this system for transformation can be effective for introducing DNA into B. thuringiensis. The frequency of transformation, although not high when compared with that in B. subtilis, nevertheless is sufficient to permit introduction of chimeric molecules into this organism. Perhaps even more importantly, this system of autoplast conversion and transformation has been highly reproducible in our experiments. Future work may optimize several of the parameters of the procedure detailed in this manuscript. 
